The recent descriptions of widespread random monoallelic expression (RMAE) of genes distributed throughout the autosomal genome indicate that there are more genes subject to RMAE on autosomes than the number of genes on the X chromosome where X-inactivation dictates RMAE of X-linked genes. Several of the autosomal genes that undergo RMAE have independently been implicated in human Mendelian disorders. Thus, parsing the relationship between allele-specific expression of these genes and disease is of interest. Mutations in the human forkhead box P2 gene, FOXP2, cause developmental verbal dyspraxia with profound speech and language deficits. Here, we show that the human FOXP2 gene undergoes RMAE. Studying an individual with developmental verbal dyspraxia, we identify a deletion 3 Mb away from the FOXP2 gene, which impacts FOXP2 gene expression in cis. Together these data suggest the intriguing possibility that RMAE impacts the haploinsufficiency phenotypes observed for FOXP2 mutations. 
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random monoallelic expression | FOXP2 | speech | language | developmental verbal dyspraxia V arious mechanisms of monoallelic gene expression have been characterized in humans, each with impact on neurodevelopment and disease. Potential mechanisms yielding monoallelic expression include those with a genetic basis, such as aneuploidies, copy number variants (CNVs), and nonsense gene mutations. Genetic causes of monoallelic expression can also be due to perturbation of cis-regulatory DNA sequences that control the level, timing, and location of gene expression. Such cis-regulatory sequences can be found within and near the promoter, as well as at large distances from the start site of transcription. Polymorphisms in cis-regulatory elements (1, 2) can lead to differences in levels of expression between the two alleles that can be extreme (greater than 10-fold difference) or less pronounced.
In the last few decades, a number of epigenetic mechanisms that can cause monoallelic expression have been discovered. For example, imprinting is a parent-of-origin-dependent monoallelic expression whereby expression of a locus differs between the maternally and paternally inherited alleles, and generally manifests as transcriptional silencing of one of the alleles. Moreover, some genes are imprinted in a tissue-or isoform-specific manner (3) . A variety of human developmental disorders are directly traceable to dysregulation of imprinting, secondary to genetic mutations impacting imprinting. For example, Prader-Willi and Angelman syndromes are severe neurobehavioral disorders whose molecular bases are related to defects, either by deletion, uniparental disomy, or somatic mutation, of the Prader-Willi/Angelmanimprinted locus on 15q11-13. Various deletions lead to distinct phenotypic presentations, depending both on the number of genes impacted and which parental allele is mutated (4, 5).
For many genes at the Prader-Willi/Angelman locus, one allele (maternal or paternal) is transcribed. For a given imprinted gene, because there is monoallelic expression in the WT state, a deletion of one allele leads to complete loss of expression if the normally expressed allele is the deleted allele. Angelman syndrome always involves the imprinted gene ubiquitin-protein ligase E3A (UBE3A), which is a maternally expressed gene. Mechanisms leading to Angelman syndrome include a range of maternally inherited UBE3A mutations (ranging from point mutations to full deletion of the gene), as well as uniparental disomy (UPD) of the paternal chromosome. Another interesting mechanism causing Angelman syndrome is an imprinting defect. Some of these imprinting defects (10-20%) are due to microdeletions (6-200 kb) that include the AS imprinting center, a genomic region necessary for appropriate imprinting. The other 80-90% of imprinting defects are thought to be due to epimutations (i.e., alterations of the epigenetic status, not the DNA sequence) that occur during oogenesis (in the mother) or occur during early embryogenesis in the affected individual (6) . All of the above mechanisms cause Angelman syndrome by perturbing the expression or function of the maternal allele of the UBE3A gene.
A similar range of molecular mechanisms (deletion, UPD, and imprinting defect) exists with respect to causation of PraderWilli syndrome (PWS), except that, in PWS, it is the paternal allele that is perturbed. Although in PWS a number of genes are directly impacted, in 99% of cases, a molecular signature of PWS can be recognized by analysis of promoter, exon 1, and intron 1 regions of the small nuclear ribonucleoprotein polypeptide N gene, SNRPN (7, 8) . Under normal circumstances, these regions of the SNRPN gene are unmethylated on the paternal, expressed allele and are methylated on the maternal, repressed allele. Most PWS imprinting defects are epimutations leading to loss of expression from active alleles of a number of genes on the paternal chromosome. As with AS, in PWS, for each impacted gene, the loss of one allele is not compensated for by expression of the other allele. We point the reader to various excellent reviews of imprinting in refs. 3, 9, and 10. This article is a PNAS Direct Submission. E.B.K. is a guest editor invited by the Editorial Board. 1 To whom correspondence should be addressed. Email: andrew.chess@mssm.edu.
X-linked random monoallelic expression is another epigenetic mechanism of monoallelic expression. The initial random chromosome-wide choice between the two X chromosomes is followed by a stable mitotic transmission of monoallelic expression. There can be primary skewing of X-inactivation, which may be due to sequence polymorphism or stochastic expression of a few random choices. Another mechanism, secondary skewing, has an initial random equal choice followed by selection for cells expressing one or the other X chromosome due to differential growth/survival of cells (11) . The extent to which skewing of X-inactivation plays a role in brain phenotypes is difficult to assess, but undoubtedly the potential for such a role is there (12) . Mitigation of X-linked dominant neurodevelopmental phenotypes in females has been described in association with skewing of X-inactivation toward increased fraction of cells expressing the nonmutant allele. Skewing of X-inactivation can, of course, also lead to more severe phenotypes in cases where skewing leads to a majority of the cells expressing the deleterious allele (12) (13) (14) .
A third epigenetic mechanism is autosomal random monoallelic expression (RMAE), which has been recently described on a genome-scale level (15) (16) (17) (18) and has not yet been as well characterized as the others. A defining feature of autosomal genes that share similarities with the genes subject to X-chromosome inactivation is that they are monoallelically expressed in a random manner. For some of these genes, half the cells express the maternal allele, and half the cells express the paternal allele. Other genes also falling into the randomly monoallelically expressed class have some cells with biallelic expression in addition to the cells with monoallelic expression. RMAE as defined here indicates that, in cells monoallelic for one allele, the other allele is basically undetectable (as has been observed in X-inactivation) and practically (because of limits of detection) can be said to be at least 20-to 50-fold lower than the expressed allele. Autosomal random monoallelic expression thus leads to three distinct expression states for each gene: expression of both alleles in some cells and expression of either the maternal allele or the paternal allele in other cells. Autosomal RMAE can impact biological function by affording cells unique specificity when the products of heterozygous loci might otherwise compete, and it also enhances the phenotypic heterogeneity that is possible in a population of cells (19) .
Genes encoding immunoglobulins, T-cell receptors, and odorant receptors were the earliest described autosomal examples of random monoallelic expression. Perhaps the clearest example of the functional importance of this mechanism is the RAGmediated DNA rearrangement mechanism of generating antigenreceptor diversity. The proper functioning of the immune system relies on a single antigen receptor being expressed in each T cell and each B cell; RMAE is part of the V(D)J recombination process that generates the extraordinarily large repertoire of receptors and ensures that individual lymphocytes do not have dual specificities (20) (21) (22) (23) . Another well-characterized example of RMAE is in the olfactory system (24) . The expression of a single odorant receptor (25) dictates both the olfactory sensitivity of the neuron choosing it and also is involved in axon guidance (26, 27) . If an individual neuron were to express both alleles of a functionally heterozygous odorant-receptor gene, confusion in neuronal wiring could result. In addition, the expression of two receptors would make it difficult for the organism to detect differences in the molecules sensed by the two alleles of a heterozygous odorant-receptor gene.
The discrete repertoire of autosomal random monoallelically expressed genes was dramatically expanded after a genome-wide survey by Gimelbrant et al. (15) (using SNP arrays to differentially detect transcripts from each allele of heterozygous loci in human cell lines) that found that a surprisingly large subset of autosomal human genes (∼5-10%) undergo random monoallelic expression. Most of the experiments examined clonal lymphoblastoid cell lines, where, within a given clone, there was stability in the allelespecific gene expression. Because in vivo there is also clonal expansion, random monoallelic expression can lead to growth of macroscopic patches of tissue with subtly distinct properties. Indeed, such patches were observed in normal placenta, and other tissues remain to be analyzed.
A property that autosomal RMAE does not share with X-inactivation is that autosomal RMAE can lead to some cells expressing two alleles and others expressing one. Thus, even in the absence of heterozygosity, the ability of cells to express either one or two alleles can lead to differences in levels of expression that can also contribute to cellular diversity (15) (16) (17) (18) . When there is functional heterozygosity, the chance to generate diversity by having independent expression of the two alleles is readily apparent.
The disease potential of RMAE genes with respect to brain development is suggested by the fact that some genes that undergo RMAE are known to cause disease phenotypes in contexts defined by genetic gain of function. Dominant mutations and duplication of APP and SNCA are associated with early-onset Alzheimer disease and Parkinson disease, respectively (28) (29) (30) (31) (32) (33) (34) . Genes that are subject to an autosomal-dominant phenotype in the context of haploinsufficiency would be additional strong candidates to be affected or modified in their phenotypic presentation by RMAE. A nonsense mutation or deletion that obliterates transcription from one allele would, in this context, lead to a complete loss of gene expression in the population of cells that would normally express that allele exclusively. Cells that express only the WT allele would be unaffected. Biallelically expressing cells would express one intact functional allele. Similar to secondary skewing in X-inactivation, the potential exists for RMAE disease phenotypes to be modified by differential growth or survival of cells, leading to a secondary skewing of the cellular population in the organism. Understanding RMAE will allow appreciation of a gene regulation mechanism that can impact both normal brain function and brain pathology.
Here, we analyze FOXP2, a gene that was close to, but not above, the rather strict threshold we used for calling RMAE in our prior genome-scale analysis of RMAE (15) . Mutations in FOXP2, a forkhead domain-containing transcription factor, are known to cause an autosomal-dominant condition characterized by abnormal development of several brain areas critical for both developmental verbal movements and sequential articulation, with largely incomprehensible speech and marked disruption of multiple aspects of grammar and language (35) (36) (37) . Truncating mutations and translocations interrupting the FOXP2 gene sequence are sufficient to cause the phenotype, which has led to the conclusion that haploinsufficiency is the likely etiology; in other words, a single copy of a WT allele is incapable of providing sufficient protein for normal function (38) (39) (40) (41) . Thus, haploinsufficiency is different from both a dominant-negative effect wherein a nonfunctional mutant polypeptide interferes with the function of the normal allele, or gain-offunction mutations, wherein a changed gene product is endowed with a new and abnormal function. In this study, we analyze a deletion 3 Mb away from FOXP2, which, although it does not include the FOXP2 gene itself, leads to loss of expression from the allele in cis with the deletion. We also observe data in controls consistent with FOXP2 being subject to RMAE, thus leading to the idea that the haploinsufficient phenotype of FOXP2 loss-of-function alleles, in this case and others, is due to some cells expressing no FOXP2 protein, rather than the classical view of haploinsufficiency, wherein every cell expresses half the normal amount.
Results
Phenotypic Description. A neurodevelopmental deficit in acquisition of spoken language across intact intelligence is termed specific language impairment (SLI). Importantly, specific language impairment is not part of a larger diagnosable neurological syndrome such as global developmental delay or autism. Specific language impairment has a prevalence of ∼2-7% (42, 43) in children entering school and is associated with later difficulties in learning to read. Closely related to SLI is Speech-language disorder-1 (SPCH1), an autosomal-dominant disorder, characterized by severe developmental verbal dyspraxia (DVD), that results in marked disruption of speech and expressive language, with virtually every aspect of grammar and language affected (35) . The disorder is characterized by abnormal development of several brain areas critical for both developmental verbal movements and sequential articulation and is caused by rare heterozygous mutations in the FOXP2 gene (36, 37) . We performed a comprehensive case study of patient HS, who suffers from profound developmental verbal dyspraxia and dyslexia with preserved intelligence and behavior. Patient HS, a female, also had unilateral eye-tracking deficits properly characterized as Duane anomaly.
Blood samples from the proband and a matching female control were independently obtained and subjected to whole-blood RNA and DNA extraction in parallel whereas B lymphocytes were EBV-immortalized following standard procedures. Cells were pelleted for RNA extraction 4 wk after immortalization.
Proband-Specific and Allele-Specific FOXP2 Analyses. Because mutations in the human FOXP2 gene are known to cause developmental verbal dyspraxia, we analyzed the FOXP2 gene in the proband. DNA sequencing of all 17 exons, as well as the intron-exon junctions of FOXP2 in the proband, revealed no mutations in FOXP2. We therefore carried out whole-genome comparative genomic hybridization (CGH) microarray analysis using the Agilent 244K microarray chip to identify large-scale deletions/duplications genome-wide. CGH revealed a 2-Mb microdeletion on chromosome 7q31 (hg19 coordinates: chr7:109049659-111130658), 3 Mb centromeric to FOXP2. This deletion eliminated four exons of IMMP2L [IMP2 inner mitochondrial membrane peptidase-like (Saccharomyces cerevisiae)], as well as the entire LRRN3 (leucine rich repeat neuronal 3) gene embedded within an intron of IMMP2L. Additionally, a noncoding RNA, EIF3IP1 (eukaryotic translation initiation factor 3, subunit I pseudogene 1), was deleted (Fig. 1A) . Parental analysis using multiplex ligation-dependent probe amplification (MLPA) showed that the microdeletion was not present in either parent and was therefore de novo. Note that array CGH also excluded deletions or duplications of the FOXP2 gene itself, as well as other genomic deletions or duplications.
The (44) revealed that none of the deleted genes have been reported to cause developmental verbal dyspraxia. We therefore considered the possibility that the deletion may be disrupting a FOXP2 regulatory element, given the proximity of the microdeletion to the FOXP2 locus on 7q31.
We sought to determine whether aberrant FOXP2 expression was present in the proband. We analyzed allele-specific expression of FOXP2 by Sanger sequencing of FOXP2 cDNA derived from white-blood cells, which revealed that expression derived from one of the two alleles only (Fig. 1B) . Allele-specific expression analysis of FOXP2 transcription in B lymphoblastoid cells from a control individual (without the microdeletion near FOXP2) revealed equal biallelic FOXP2 expression, thus ruling out imprinting (Fig. 1B) , consistent with other reports (45) .
To examine allele-specific expression of other genes in the vicinity of the microdeletion, we used dbSNP to find candidate SNPs in nearby, expressed genes, focusing on SNPs within the mature transcript (coding exons and UTRs). Sequence analysis of PCR products of eight nearby genes in the proband found heterozygous SNPs in IFRD1 (IFN-related developmental regulator 1), DOCK4 (dedicator of cytokinesis 4), and NRCAM (neuronal cell adhesion molecule). Five other genes in the vicinity either were not expressed or lacked heterozygous SNPs. We extracted RNA from the proband's whole blood and from isolated B lymphocytes and performed reverse transcriptase PCR (RT-PCR). Comparing cDNA-derived genotypes to the genotype obtained from genomic DNA revealed the presence of biallelic expression of all three of these genes ( Fig. 2A) .
We next examined the parent of origin of the deletion 3 Mb away from FOXP2 as well as the parent of origin of expression of FOXP2 in the proband. SNP genotyping of 30 SNPs within the microdeletion region on both parents and the proband revealed the paternal origin of the microdeletion (Table 1) . Comparison of the proband's DNA and cDNA genotypes with parental genotypes established that the proband's FOXP2 monoallelic expression derived from the maternally inherited allele (Fig. 2B) . evaluated FOXP2 expression in clonal B lymphoblastoid cell lines and clonal T-cell lines using the Affymetrix Human Mapping 500K array. We also carried out direct sequencing of FOXP2 cDNA to validate the array findings. Briefly, the B-lymphoblastoid clones were those reported on in Gimelbrant et al. (15) , and T-cell clones were derived from negatively isolated naive CD4
+ T cells activated with anti-CD3/28 beads (46). Both B-and T-cell clones were analyzed for allele-specific expression across the genome using the Affymetrix Human Mapping 500K array to obtain allele-specific expression information by comparing cDNA genotypes with regular DNA genotypes as we had previously (15) (Fig. 3A) . We carried out locus validation by direct sequencing of cDNAs from these clonal B-cell lines. Nonclonal cells showed biallelic expression, ruling out imprinting. However, when subcloned cell lines were analyzed for allelespecific expression of FOXP2, we observed a pattern indicative of RMAE. One of two clones from the same individual revealed monoallelic expression whereas the other clone had biallelic expression, both on the array and confirmed by direct sequencing of cDNA (Fig. 3B ). This pattern is consistent with the pattern observed in genes previously reported on in the genome-wide survey of random monoallelic expression (15) .
Discussion
The human FOXP2 phenotype is autosomal-dominant and thought to be a classic case of haploinsufficiency wherein two functional copies of FOXP2 are necessary for acquisition of normal spoken language. What is the normal context within which to consider allele-specific perturbations of FOXP2 expression? For most genes, it is generally assumed that there is biallelic expression, which would lead, in the case of a hemizygous deletion, to halving the gene dosage in all cells. Before our work, it was known that FOXP2 translocations, deletions, and truncating mutations are disease-causing (37) (38) (39) (40) (41) , and thus the presumptive etiology would be "homogeneous" haploinsufficiency wherein all cells express half the normal amount of FOXP2. However, here, we present data indicating that FOXP2 is subject to RMAE. For each gene regulated by RMAE, an autosomal mechanism similar to X-inactivation, a random allelic choice initially made by each individual cell during development, is followed by a stable mitotic transmission of monoallelic expression to all daughter cells. In nonmutant individuals, some cells express the maternal allele, some cells express the paternal allele, and some cells express both alleles. In the case of a deletion eliminating a positively acting cis-regulatory element, there is the potential for a substantial fraction of the cells to express no FOXP2 RNA because those were cells that should have expressed solely from the allele in cis with the deletion.
Thus, the autosomal-dominant phenotype of all FOXP2 loss-offunction mutations may derive from the complete absence of functional transcript in the subset of cells that have inactivated the WT allele. It is worth noting that, as has been observed for X-linked mutations in females, it is possible that cells with no functional expression of FOXP2 could be selected against at the cellular level during neural development. Indeed, the stochastic nature of allelic choice and clonal expansions during development could lead either to mitigation or enhancement of the phenotype. A caveat to the work we present is that we are analyzing allelespecific expression of FOXP2 in immune system-derived cell lines. However, we note that RMAE is most readily observed in clonal cell lines, and thus direct interrogation of human brain neurons in general, and neurons responsible for control and fine coordination of the vocal apparatus in particular, is not feasible.
The causal association of FOXP2 haploinsufficiency and developmental verbal dyspraxia is well-established, and the observed association of the former with the latter in the proband is therefore biologically consistent and requires no further major elucidation. To investigate what aspects of the proband phenotype were ascribable to the deleted genes, we carried out a comparative assessment of overlapping IMMP2L and LRRN3 microdeletion cases in the DECIPHER database and the database of genomic variants (DGV) (44, 47) . Both genes are subject to polymorphic germ-line CNVs in humans that include exon deletions and duplications. We conclude that loss of IMMP2L and LRRN3 is most likely responsible for the proband's dyslexia. The available evidence on the effect of isolated comorbid haploinsufficiency of both genes is found in the description of a two-generation pedigree with dyslexia associated with a genetic lesion that completely removed one copy of LRRN3 and rendered one copy of IMMP2L nonfunctional (48) . Other clinical reports do not describe isolated simultaneous deletions of these two genes or fail to establish to a high degree of confidence the pathogenicity of the gene perturbation.
Hints of involvement of the relatively large (900-kb) IMMP2L gene in neurodevelopmental disorders are suggested by reports of association of autism spectrum disorder (ASD) with SNPs within the gene boundaries, which have not been validated by follow-up studies involving direct sequencing of the gene in large patient cohorts (49) . Thus, the Online Database of Mendelian Inheritance in Man (OMIM) lists no phenotypes in association with allelic variants in IMMP2L or LRRN3 (50), reflecting the absence of strong evidence on phenotypes attributable to these genes individually. Note that, in the two-generation pedigree mentioned in the previous paragraph (48), both genes are affected, thus mirroring closely the genetic loss in the proband analyzed here. Furthermore, humans with chromosome imbalances listed in the DECIPHER database involving IMMP2L and LRRN3 predominantly had complex deletions involving seven or more other genes. Where language deficits were observed, the individuals presented with nonspecific language delay occurring within the context of global developmental delays, intellectual disability, or autism. The language delays would not be properly characterized as specific language impairment due to the extraneous presence of complicating factors. Indeed, deletion of FOXP2 is the common factor in almost all reported developmental verbal dyspraxia 7q31 microdeletions reported to date, irrespective of whether these deletions also include IMMP2L or LRRN3, suggesting that this gene is a central cause of developmental verbal dyspraxia-related phenotypes in that region.
Of note, all prior reported instances of FOXP2 haploinsufficiency (monoallelic expression) have been associated clinically with developmental verbal dyspraxia. The most striking example is a large three-generation family with developmental verbal dyspraxia where all 15 affected individuals were heterozygous for a FOXP2 mutation, whereas all 12 unaffected individuals tested were homozygous for the wild type, showing perfect segregation (37) , suggesting that the phenotypic expression of haploinsufficiency in this gene is highly penetrant. 
Clone H7 Genomic
Clone H7 cDNA A DECIPHER case with a single-gene deletion of 191 kb affecting exons 1-4 of IMMP2L, inherited from an unaffected parent, is listed in the database. The DECIPHER case shares with this proband the phenotype of Duane anomaly, a condition that normally occurs with a frequency of 1/1,000. Duane anomaly is not typically associated with FOXP2 haploinsufficiency. Duane anomaly and specific language impairment are not commonly coincident, and the presence of Duane anomaly in the proband from this study, together with the 191-kb deletion from DECIPHER, suggests that IMMP2L may merit further investigation as a candidate gene for Duane anomaly.
The agent for cis-regulation of FOXP2 is likely to be an enhancer or other cis-regulatory element within the microdeletion boundaries. The VISTA enhancer database (51) does not list any previously characterized enhancers within that region although at least two accelerated conserved noncoding sequences (ACNSs) are located within the microdeletion boundaries in the intragenic region between IMMP2L and NRCAM. The finding of two ACNSs of 992 across the genome described in Prabhakar et al. (52) is not statistically significant.
A number of studies have explored the mechanisms that regulate autosomal randomly monoallelically expressed genes. Although these investigations have been traditionally restricted to characterizing mechanisms that determine expression from individual loci (19) , more recently, they have been broadened in an attempt to understand whether the various known gene regulatory mechanisms, including epigenetic marks and noncoding RNAs, might regulate autosomal randomly monoallelically expressed genes across the autosomes (17, 18, 53) . The known mechanisms involved in establishing and maintaining RMAE are diverse, and it will be interesting to see the extent to which different mechanisms, as they are uncovered, will provide unifying concepts.
In conclusion, all different types of monoallelic expression have the potential to impact genotype-phenotype correlation. The expansion in the number of known randomly monoallelically expressed autosomal genes is remarkable and has the potential to impact our understanding of normal physiology, as well as pathological states. Instead of being mostly restricted to the immune system and chemosensory systems, it is now apparent that RMAE impacts a wide variety of different genes. We have focused here on neurons and brain pathophysiology, but RMAE has the potential to impact all organs. Moreover, RMAE can have an impact on phenotypic variability even without the presence of a clear mutation; there can be polymorphisms between two alleles of a given gene leading to expression of distinguishable proteins, and even if the two alleles are identical, RMAE can lead to different levels of expression in distinct cells as some cells express two alleles whereas others express only one allele (15) . This type of cellular variability has the possibility of leading to variability in phenotype at the organismal level. Stochastic alternative splicing and stochastic alternative promoter use have been proposed as mechanisms for establishing unique neuronal identity (54) (55) (56) , and RMAE has the possibility of subserving a similar function (15) . Finally, as RMAE's mechanisms and impact on phenotype become better understood, it will be of interest to consider the potential effect of RMAE on the establishment and continued evolution of gene families, as we have discussed in detail previously (19) .
Materials and Methods
Study Protocol. This study was conducted with the approval of the Children's Hospital Boston Institutional Review Board. All participants who were able, and parents or caregivers, gave written informed consent.
Proband Array CGH and FOXP2 Sequencing. DNA extraction from whole blood obtained from the female proband and both unaffected parents was performed using the Qiagen DNA Blood Mini kit according to the manufacturer's guidelines (Qiagen). Parallel CGH microarray analysis on the proband and a female control individual was performed using the Agilent 244K microarray chip (Agilent). Analysis of parental samples for abnormal findings in the proband was carried out using targeted Multiplex Ligand Probe Amplification (MLPA) (MRC-Holland) of parent DNA according to the manufacturer's guidelines. All 17 exons and intron-exon junctions of FOXP2 were sequenced from genomic DNA extracted from proband lymphocytes on the Applied Biosystems 3730XL DNA Analyzer.
Proband Allele-Specific Expression Analysis. RNA was extracted from the proband's whole blood using the PAXgene Blood RNA System Kit according to the manufacturer's guidelines, and from EBV-immortalized peripheral B lymphocytes, using the RNeasy Mini Kit (Qiagen). Total RNA was then diluted appropriately and treated with Turbo DNAfree (Ambion) according to the manufacturer's protocol for "strong DNA contamination." No significant DNA contamination remained, judging by lack of PCR amplification in the absence of reverse transcriptase (RT). The digestion of DNA allowed the evaluation of heterogeneous nuclear RNA (hnRNA) for intronic SNPs. RT-PCR was performed using the Qiagen one-step RT-PCR Kit. Primers were designed using the Primer3 program to flank SNPs in genes of interest (FOXP2, DOCK4, IFRD1, and NRCAM), and these SNPs were amplified from genomic DNA and from cDNA samples using intron-spanning primers when possible. Sequencing of amplicons was performed on an Applied Biosystems 3730XL DNA Analyzer, as before. cDNA-derived genotypes were compared with the genotype obtained from genomic DNA. Primers are available upon request.
Proband-Parental SNP Genotyping Analysis. To allow comparison of parental and proband genotypes in the microdeletion region, SNP genotyping was performed using the Sequenom iPLEX Gold Genotyping Assay in a multiplexed assay, using the MassARRAY System Designer software to design both PCR and MassEXTEND primers for multiplexed assays. For genotype calling, the extension products were spotted onto SpectroCHIP arrays and analyzed using a MALDI-TOF mass spectrometer.
Analysis of Random Monoallelic Expression. Analysis of random monoallelic expression was as previously described (15) . Briefly, lymphoblast cell lines were obtained from the Coriell biorepository and subcloned as in ref. 15 , and T-cell clones were derived from negatively isolated naive CD4 + T cells activated with anti-CD3/28 beads as described previously (46) . B-and T-cell clones were analyzed for allele-specific expression across the genome essentially as in ref. 15 . Allele-specific expression was analyzed by comparing the "genotype" from cDNA with the regular DNA genotype. A finding of a homozygous cDNA genotype along with a heterozygous regular genomic DNA genotype indicates monoallelic expression. B-cell data were derived from the XbaI half of the Affymetrix Human Mapping 100k array. To validate the array findings, samples of cDNA from clones H7 and H16, as well as nonclonal cDNA from individual H, were subsequently subjected to PCR as previously described in Proband Allele-Specific Expression Analysis. Primers flanking five SNPs in FOXP2 were designed using the Primer3 program, and used for PCR amplification from genomic DNA and from cDNA samples. Sanger sequencing was carried out as described in Proband Allele-Specific Expression Analysis. cDNA-derived genotypes were compared with the genotype obtained from genomic DNA.
